Characterization of the complex genomic architecture underlying quantitative 23 traits can provide valuable insights into the study, conservation, and management of 24 natural populations. This is particularly true for fitness-related traits such as body size 25 and male ornamentation in mammals because as indicators of quality and health, these 26 traits are often subject to sexual and artificial selective pressures. Here we performed 27 high-depth whole genome re-sequencing on pools of individuals representing the 28 phenotypic extremes in our study system for antler and body size in white-tailed deer 29 (Odocoileus virginianus). Samples were selected from a database containing 30 phenotypic data for 4,466 male white-tailed deer from Anticosti Island, Quebec, with 31 four pools representing the extreme phenotypes for antler and body size in the 32 population. Our results revealed a largely panmictic population (F ST ~ 0.01), but also 33 detected diverged regions (F ST > 0.11) between pools for both traits. These regions 34 revealed genomic islands with signatures of positive selection and demographic 35 expansion (negative Tajima's D), and contained putative genes of small-to-moderate 36 effect. Through qPCR analysis we genotyped an intron variant on gene SRP54 that is a 37 potential QTL for antler size, and propose two missense variants on the MYADM and 38 SPATA31E1 genes known to influence body size in mammals and reproductive success 39 as potential QTL. This study revealed the polygenic nature of both antler morphology 40 and body size in white-tailed deer and identified target loci for additional analyses. 41
Introduction 42
Quantifying the genomic architecture underlying phenotypes in natural populations 43 provides insights into the evolution of quantitative traits (Stinchcombe & Hoekstra, 44 2008) . Some quantitative traits are correlated with metrics of fitness, and as such are 45 particularly important because they may directly influence population viability (Kardos & 46 Shafer, 2018) . This relationship between genomic architecture and quantitative traits, 47 however, is not easy to empirically identify (Kardos & Shafer, 2018) , and often has 48 unclear and unpredictable responses to selection (Bunger et al., 2005) . Outside of a few 49 traits in well studied systems such as horn morphology in Soay sheep (Johnston et al., 50 2011 (Johnston et al., 50 , 2013 and migration timing in Pacific salmon (Prince et al., 2017) , there are few 51 empirical studies that have successfully identified quantitative trait loci (QTL) in wild 52 vertebrate populations with effects on fitness-related traits. 53
Genome-wide association scans (GWAS) have the potential to identify links 54 between genomic regions and fitness relevant traits that can directly inform the 55 management of species, and have become more prominent in non-model organisms 56 (Ellegren 2014; Santure & Grant 2018) . The variation of expressed phenotypes that are 57 observed in wild populations is influenced by demographic, environmental and 58 epigenetic factors (Ellegren & Sheldon 2008) , which leads to difficulties when trying to 59 calculate the direct influence of genetic polymorphisms and more generally disentangle 60 the effects of drift from selection (Kardos & Shafer 2018) . Most traits also appear to be 61 composed of many genes of small effect, with heritability for complex traits often 62 explained by the effects on genes outside of core pathways ; 63 Santure et al., 2013; Boyle et al., 2017) . Population genetic modeling allows 64 disentangling phenotypic plasticity and responses to environmental change, while 65 expanding our understanding of the evolutionary processes in wild populations (Santure 66 & Grant 2018) . Where traits directly linked to reproductive success are also those 67 humans select for through harvesting (Coltman et al., 2003; Kuparinen & Festa-68 Bianchet, 2017) , there is a need to understand and predict the evolutionary outcome, 69 which is in part dependent on the genomic architecture (Kardos & Luikart, 2019) . 70
For traits relevant to fitness, including those under sexual selection, we might 71 expect directional selection towards the dominant or desired phenotype. In long term 72 studies of wild populations, however, there is often a relatively high degree of observed 73 genetic variation underlying sexually selected traits (Johnston et al., 2013; Berenos et 74 al., 2015; Malenfant et al., 2018) , with the proposed mechanism for this genetic 75 variation being balancing selection (Mank, 2018) . For example, Johnston et al. (2013) 76 showed that variation is maintained at a single large effect locus through a trade-off 77 between observed higher reproductive success for large horns and increased survival 78 for smaller horns in Soay sheep. These trade-offs, creating signatures consistent with 79 balancing selection, are also observed in cases where social dominance structures exist 80 as a result of male-male competition for female mate acquisition, where alternative 81 mating strategies have been suggested as a means for younger or subordinate males to 82 achieve greater mating success (Foley et al., 2015) . 83
Emerging approaches to investigate the genomic architecture of complex 84 phenotypes 85
The methodological approach of analyzing extreme phenotypes seeks to sample 86 individuals representing the extreme ends of the spectrum for any observable 87 phenotype, instead of randomly sampling individuals from the entire distribution (Perez-88 to high with mean h 2 estimated to be 0.32 (0.07-0.54) for the number of points and 0.42 115 (0.11-0.69) for basal circumference (Michel et al., 2016) and 0.58-0.64 for body mass 116 (Williams et al., 1994) . Large antlers and body size are also sought after by hunters, 117 both as trophies and food sources throughout North America, and thus could be subject 118 to artificial selection (Mysterud, 2011; Ramanzin & Sturaro, 2014) . Our objective was to 119 identify QTL throughout the genome associated with variation in antler and body size 120 phenotypes in WTD, under the hypothesis that many genes of small to moderate effect 121 underly these phenotypes. We performed whole genome re-sequencing on pools 122
representing the extreme distribution of antler and body size phenotypes in a wild, but 123 intensively monitored WTD population. 124
Materials and Methods 125
at the base; ±0.02 cm) (Simard et al. 2014 ). We used one metric for body size: body 140 length which is correlated to other metrics such as body weight and hind foot length 141 (Bundy et al. 1991) . Because antler and body size of male cervids are correlated to age 142 (Solberg et al. 2004; Nilsen & Solberg, 2006) , we controlled for age before ranking 143 males according to antler and body size. We used linear models to assess the 144 relationship between age and each metric separately. We computed an antler and body 145 size index based on the average rank of each individual's residual variation for the 146 phenotypic metrics. The top and bottom 150 individuals from each group were selected 147 from the available database for DNA extraction, and only deer with equal representation 148 for large and small phenotypes from a given year were included for further analysis. 149
This created four groups: large antler (LA), small antler (SA), large body size (LB), and 150 small body size (SB) ( (Table S2 ). 160
Genome Annotation 161
A newly generated draft WTD genome constructed from long (PacBio) and short-read 162 (Illumina) data was used as a reference (Fuller et al., 2019 ; NCBI PRJNA420098). We 163 performed a full genome annotation by masking repetitive elements throughout the 164 genome using a custom WTD database developed through repeat modeler (Smit & 165 Hubley, 2015) in conjunction with repeatmasker (Smit, Hubley & Green, 2015) using the 166 NCBI database for artiodactyla, without masking low complexity regions. The masked 167 genome was then annotated using the MAKER2 pipeline (Holt & Yandell, 2011) . We 168 used a three-stage process (Laine et al., 2016) utilizing available cow EST and Protein 169 sequences available through NCBI for initial training with SNAP2. The resulting GFF 170 output was then used as evidence for the MAKER2 prediction software, again using 171 SNAP2. The final annotation used evidence from the prior SNAP2 trials and the 172 available human training data set with AUGUSTUS to generate a final annotation 173 (Dryad Accession ID XXXXXX). Gene IDs were generated using blastp (Johnson et al., 174 2008) on the WTD annotation protein transcripts, restricting the blast search to a list of 175 GI numbers obtained from the NCBI proteins database. 176
Mapping and characterization of SNPs 177
We performed initial quality filtering for all reads using fastqc. Raw reads were aligned 178 independently to the masked WTD reference genome with BWA-mem (Li, 2013) . We 179 used samtools (Li et al., 2009) divergence in a non-exhaustive list of genes known a priori to influence these 201 phenotypes (Table S3) . 202
We used a sliding window approach (10kb) to create estimates of Tajima's D 203 across the entire WTD genome using the software popoolation (Kolfer et al., 2011). 204
Here, all reads, irrespective of pool, were merged into a single pileup file then 205 subsampled to 100X coverage per site to account for overrepresented sequences. to help identify outlier regions throughout the genome, and were plotted on scaffolds of 210 interest previously identified through the F ST outlier analysis. 211
Transposable Elements 212
We used consensus transposable element (TE) sequences from the repbase database 213 for cow to repeat mask the WTD reference genome, and subsequently merged this 214 masked genome with the repbase TE reference sequences (Bao et al., 2015) . We used 215 the repbase database consensus sequences to re-mask the genome due to more 216 robust information for TE identities, family and order required in this analysis. Using 217 methods identical to those previously stated, all reads for both antler and body size 218 phenotypes were aligned to the TE-WTD merged reference genome. We used the 219 recommended workflow for the software suite popoolationTE2 (Kofler et al., 2016) to 220 create a list of predicted TE insertions. From this we calculated TE frequency 221 differences between large and small phenotypes as well as proximity to genic regions. 222
Here, we only examined TEs that were within 25-kb up or downstream from a gene and 223 within the 95 th percentile for absolute frequency differences to allow for more features to 224 be assessed subsequently. 225
GO Pathways 226
To identify shared gene pathways among outlier regions we used an analysis of gene 227 ontology (GO) terms. GO terms were obtained for all genes that were within 25-kb of 228 SNPs in the 99 th F ST and 95% TE frequency percentile for antler and body size 229 phenotypes independently. We created outlier gene ID lists for antler and body size that 
Validation of outliers 243
We selected three outlier SNPs in the 99 th percentile F ST values in genic regions 244 associated with antler size for qPCR validation. Custom genotyping assays using 245 rhAMP chemistry (Integrated DNA Technologies) were designed and genotyped on the 246 QuantStudio 3 (Thermo Fisher Scientific). Oligo sequences and reaction parameters are 247 provided in Table S4 . Using the phenotypic category as the binary response variable, 248
we ran a logistic regression treating the genotypic data as additive (e.g. 0-2 LA/LB 249 alleles per locus, per individual). 250
Results 251
Phenotypes 252
The distribution of phenotypes from all individuals in the existing database is 253 shown in Figure S1 . We only selected the top 150 individuals at the tail ends of the 254 distribution for measurements used in our antler and body size rankings which are 255 representative of the "extreme phenotypes". Artist renderings and the distribution of 256 measurements for the number of antler points, beam diameter, and body length 257 between the groups of individuals representing each extreme phenotype pool (LA, SA, 258 LB, SB) are shown in Figure 2a . There were no differences in mean age between the 259 pools ( Figure 2b ). 260
Detecting genetic variants and their genomic regions 261
The total reads generated from resequencing are observed in Table S3 (BioProject ID  262 of SNPs between outlier and total SNPs are observed in Table 1 and a selection of 276 outlier regions is shown in Figure 4 and Figure S3 . From the list of 32 a priori candidate 277 genes in the literature, we identified the highest F ST SNP and total number of SNPs from 278 each gene, including a 25 kb window up/downstream, from the analysis of each trait 279 (Table S3 ); five genes had F ST values in the 99th percentile. 280
Estimates of Tajima's D 281
Tajima's D was estimated in 10kb sliding windows across the entire WTD 282 reference genome yielding 251,275 windows, 103,832 of these windows met the criteria 283 previously defined for estimations of D. The genome-wide mean D was calculated to be 284 -0.50. We identified windows that fell within the 99 th percentile of positive (>0.35) and 285 negative (<-1.75) ( Figure S4 ) values for comparison with the F ST outliers and gene 286 regions (Table 1) . 287
TE Insertions 288
We identified 19,734 TE insertions through the joint analysis of antler phenotype 289 sequences (both large and small). Of these TEs, we identified those that fell within the 290 95th percentile for the absolute difference between large and small phenotypes for 291 further analysis (>0.198%; Figure S5 ). Of the 95th percentile TE insertions in the antler 292 analysis, 169 were found to overlap with genes, with 206 within a 25-kb window up or 293 downstream of genic regions. For body size, 364 insertions in the 95th percentile 294 (>0.205%) overlapped with genes, and 143 within 25-kb of a genic region. 295
Gene Ontology Annotations 296
From the top SNPs identified through outlier analysis, 1,806 genes were identified for 297 antler GO analysis after the removal of duplicate genes, and 1,983 from the body size 298 analysis. The top 10 enriched GO terms and the gene counts from these analyses are 299 in Figure 5 . We also showed term reductions for significantly enriched GO terms 300 (benjamini-corrected p-value <0.05) through the program REVIGO, with clustered terms 301 relating to semantic similarity of the terms. This was only done for GO categories in 302 which significant values existed ( Figure S6-9 ). We chose to only display GO figures 303 relating to biological processes as it is most relevant to our study. As there was no 304 significant enrichment through the body size analysis, only the main findings for antler 305 are represented in Figure S6 , where we observed GO terms grouped by semantic 306 similarity and highlighted based on calculated significance of enrichment. As the list of 307 GO terms was reduced by REVIGO, the labels present are representative of less 308 dispensable terms. 309
In analyzing the GO term enrichments for biological processes of genes that met 310 our inclusion criteria from the TE outlier analysis, we found no significantly enriched 311 pathways. 312
Validation of Outliers 313
We genotyped three loci (RIMS1, PTEN, and SRP54) which resulted in 78 individuals 314 having complete genotype and phenotypic data (n = 45 HA and 35 LA; Dryad Accession 315 no. XXXXXX). The model showed an effect of the number of HA alleles at the SRP54 316 locus on antler category (ß = -1.05, p = 0.02), but not the other two loci (p > 0.05). 317
Discussion 318
The study of sexually selected quantitative traits in the Anticosti Island WTD population 319 has provided novel insights into the underlying genomic architecture of phenotypic 320 variation. The extensive database with phenotypic measurements for these deer 321 (n=4,466) allowed us to select individuals from the wide range of the distribution ( Figure  322 2; S2) that are representative of extreme phenotypes for the two antler and one body 323 size measurements. This sampling methodology is important to maximize the additive 324 genetic variance for each trait, increasing power and the ability to detect QTL (Kardos et 325 al., 2016) . In this sense, this is the first study to apply this methodology of extreme 326 phenotypic sampling in a wild vertebrate population for sexually selected and hunter-327 targeted traits. 328
Anticosti Island WTD form a putatively panmictic population, where we would 329 expect gene flow across the island and thus a lack of fixation at any specific loci, or 330 existence of any population structure (Fuller et al., 2019) . Consistent with this, genome-331 wide F ST was ~0.01; however, we identified QTL for both traits within the top percentile 332 The identification of 2,690 SNPs for antler traits and 3,849 SNPs (Table S3) for further qPCR genotyping assays had a relatively high degree of differentiation and 364 close proximity to genic regions ( Figure S3 ). All three SNPs are intron variants for the 365 genes RIMS1, PTEN and SRP54 respectively. RIMS1 (regulating synaptic membrane 366 exocytosis 1) codes for proteins that are central in integrating active zone proteins and 367 synaptic vesicles into scaffolds that control neurotransmitter release and are highly 368 expressed in brain and testis tissues of human and mice (Lonart, 2002; Schoch et al., 369 2002) . Phosphatase and tensin homolog (PTEN) is a tumor suppressor gene and is part 370 of chemical pathways involved in apoptosis (Chalhoub & Baker 2009 ). SRP54 is a 371 signal recognition particle that mediates the targeting of proteins to the endoplasmic 372 reticulum (Pool et al., 2002) ; this protein has been found in human clinical, and 373 zebrafish models to be associated with bone marrow failure syndromes and skeletal 374 abnormalities (Carapito et al., 2017) . 375
Antlers are the only completely regenerable organ found in mammals (Li et al., 376 2014), a unique process that involves simultaneous exploitation of oncogenic pathways 377 and tumor suppressor genes, and the rapid recruitment of synaptic and blood vesicles 378 (Wang et al., 2019) . The relative high degree of differentiation found at intron regions for 379 these genes between large and small antlered pools, in combination with their 380 physiological connections to the underlying processes involved in antler growth and 381 regeneration (notably PTEN and SRP54), supports their potential function in the 382 observed variation between phenotypes. We explored this relationship through qPCR 383 genotyping of these loci for individuals included in each respective pool. The model 384 showed a relationship between antler size and genotype for the SRP54 SNP previously Outlier analysis for SNPs identified through the comparison of extreme body size 396 phenotype sequences also revealed an array of genes of interest. However, it was more 397 difficult than antlers to not engage in storytelling (Pavlidis et al., 2012) as traits of this 398 nature, for example human height, involve 100s of SNPs and a multitude of biological 399 pathways (Marouli et al., 2017) ; this is reflected in our study with no statistically 400 significant enriched GO terms ( Figure 5 ). However, a few SNPs are worth highlighting. 401
The upstream variant (4426 bp, F ST =0.31) for liver-enriched gene 1 (LEG1) showed 402 multiple points that appear to be indicative of haplotypes for a QTL, both on and off 403 genic regions throughout the ~106 kb scaffold. LEG1 is linked to liver function (Chang et 404 al. 2011) , and our WTD annotation results predicted two genes on this scaffold, both 405 with similarity to LEG1. In addition to this, we aligned sequences from a previously 406 
Transposable elements and epistatic considerations 428
We generated a list of novel TE insertions for both phenotypes. Traditionally, masking 429 these elements reduces misalignments due to the repetitive nature of their sequences 430 and current limitations with mapping software (Treangen & Salzberg 2012), but also 431 misses a wealth of information that encompasses a large portion of the genome. Our 432 focus was the frequency differences of TE insertions to properly mapped reference 433 sequences, and how these varied between phenotypes. This stems from increasing 434 evidence showing that TE insertions impact gene expression, and thus the variation for 435 a given phenotype (Bourque et al., 2018) . We found 169 divergent TE insertions in 436 genic regions from our antler analysis and 68 from the body size analysis. While there 437 was no significant enrichment of pathways, the insertion of these highly variable 438 sequences has the potential to impact gene function as studies are now starting to 439 emerge that both validate insertions (Lerat et al., 2018) and show evidence for positive 440 selection (Kofler et al., 2011) . 441
Epistatic relationships of many genes of small effect, including TEs, constitutes a 442 complex genomic architecture and is the most likely explanation for the natural variation 443 observed for these sexually selected traits. Anticosti Island should provide a more-or-444 less homogenous environment, but microclimate could drive some degree of this 445 variation. We were liberal in determining genic regions (exon, intron, 25-kb flanks and 446 99 th percentile) to avoid missing potentially relevant QTL that traditional approaches 447 might exclude (Albert & Kruglyak, 2015) . This is partially observed through the 448 enrichment of GO terms shown in Figure 5 Although the number of terms is reduced by removing redundant terms and grouping 455 based on semantic similarity, we still showed the diverse array of functions represented 456 of by the divergent SNPs ( Figure S6 ). 457
Lastly, in analyzing a list of 32 a priori genes identified for their significance in 458 various pathways relating to antler and body development from the literature (Table S3) specifically identified common genes that regulate body size in mammals where we 466 would expect to see more variation between phenotypes. Many of these genes were 467 found to be in divergent regions, with SNPs for IGF2 (F ST =0.15) and PLAG1 (F ST =0.17) 468 present in the outlier analysis. PLAG1 (pleomorphic adenoma gene 1) initiates 469 transcription of IGF2 (insulin like growth factor 2), with both playing a role in the 470 variation of stature in humans and cattle (Bouwman et al., 2018; Wood et al., 2014; 471 Pryce et al., 2011; Fortes et al., 2014) . This is again suggesting a small effect of these 472 variants for the genetic contribution to variation in body size from our analysis. 473
Implications for understanding of artificial and sexual selection 474
Antler and body size are traits that are sexually selected for and linked to reproductive 475 success in WTD (Newbolt et al., 2016; Morina et al., 2018) , and are traits desired by 476 hunters, managers, and farmers. We have identified a few low-to-moderate effect QTL, 477 and many genome-wide variants with clear differentiation between the phenotypic 478 extremes for these traits. We suggest the combined effects of these variants as being 479 the genetic drivers behind observed phenotypic variation. The measured phenotypes 480 are expected to be under balancing selection (Mank 2018) ; however this does not have 481 to be reflected in all gene pathways that ultimately contribute to the expression of a 482 complex trait. Considering the case for an omnigenic model where all relevant 483 peripheral genes related to a given phenotype can affect the function of core 484 phenotype-related genes (Boyle et al., 2017) , it would be inaccurate to attribute the 485 evolution of a complex trait to any specific genomic region without examining the 486 additive affects of the entire genomic landscape; thus more sequencing is required. 487
We provide evidence for positive selection at various sites in Figure 4 Although we have identified many potential QTL relating to the variation in 496 phenotypes for WTD, their direct use in management or monitoring remains unclear. 497
Considering the gene-targeted conservation road map presented by Kardos and Shafer 498 (2018) , there appears to be no current application in management or monitoring for 499 WTD species given the existing body of knowledge and conservation status of WTD. It 500 is conceivable that a gene panel could be developed that could be used in breeding and 501 management programs (e.g. Quality Deer Management) or assess the effects of 502 artificial selection by trophy hunting; however until a reasonable amount of phenotypic 503 variation can be attributed to specific QTL, as we have begun to do with SRP54 504 genotyping, a gene targeted approach for management and breeding does not seem 505 warranted at this stage. 879  880  881  882  883  884  885  886  887  888  889  890  891  892  893  894  895  896  897  898  899 (1.87%)
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